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The Structure of Oxide Scales on Chromium Steels*

fBy H. J. YEARIAN,* E. C. RANDELL* and T. A. LONGO*

Introduction Abstract
"/ANY INVESTIGATIONS have been made of The structure of the oxide scale formed on conmmer-

cial chromium steels containing 5 to 26 percent Cr.L. the protective oxides formed on heat resistant when oxidized in air or oxygen at temperatures from
M alloys at high temperatures. The problem is so corn- 700 C to 1160 C for times up to 100 hours were deter-

plex, however, that even for the simplest of these mined by X-ray diffraction methods, supplemented in
some instances by chemical analysis. Two distinctalloys no complete picture of the oxide scale struc- types of scale were observed: A type scale occurslure can be d.awn for a wide variety of allov corn- when the rate of metal loss is less than approxt-

n a enately 10 ng/cni2/day , and B type when the attack
onstd eposnr conditions. Most of the infor- rate is in the excessive range. For exposures near themation now a- ailable is restricted to conditions critical conditions an initial A type scale transforms

giving rise to relatively high attack rates, to B type during oxidation.
The essential component of A type scale is Cr.Os.It ws tThis is usually accompanied by aFe2Os in an amount

at suffiuiently detailed description of the scale struc- which increases with the iron content of the alloy

ture in the case of the simple chromium steels that (i.e.. with rate of attack). At high temperatures or
long oxidation times, dilute solid solutions of each

the essential correlations between oxide type and of these phases in the other are formed. When the
attack rate could be detcrmined. Establishment of alloy contains a few tenths percent of Mn, the A type
such con elation was the first step toward an under- scale may also incltde copious amounts of .tnCrtO,,

especially for high chrome alloys and ior low ten-standing of the oxidation mechanism. The primary perature oxidations in air.
means of identification of the cxide phases present B type scale is more complex than A scale and

Vand their relative aiounts i\as use of one or more may be considered as tw\o layers. The outer layer is
duplex and is similar in all respects to the FeO4 andof tie standard X-ray diff'ract:( techniques. In cer- rFe2Os layers of the scale on pure iron. The major con-

tain instances these interpretations w\ere supple- stituent of the inner laver, corresponding to the FeOZtnented by chemical analvpsis. Sitnilar investigations laver on putre iron, is a solid solution, FeFe..Cr, O.,t of the spinel t'pe. Throughout most of the layer x
regarding the nickel-chromium steels have been made varies slowly, but near the metal it rises rapidly to
and will be presented in the near future. x - 2 and near the FeO laver it falls rapidly toB s ox = 0. The mean value of x lies in the range of aboutBecause of the unavailability of pure binary alloys 0.3 to 1.5. The greater the chromium content of the
having a range of composition sufficiently wide for tl~., the higher the temperature and the longer the
the ptirpose, the major part of the work was carried tintc of oxilation. the larger is the value of x. Incases of very higi attack the series of spinels is ac-out with commercial wrought sheet materials of ,omnpanied by a series of wustites which are modified
nominal 5. 13. 17 and 26 percent chromium content. by chroniumn additions rangir.g downward to zero at
Their complete analyses are shown in Table 1. 1ii the Fe3O. laver. For 10 to 20 hour oxidations at 925 C

vw end at 1000 C the chromiun fraction of total metal in
view of the well established relationships between the inner layer i.; about 1.8 times its value in the
attack rate and chronmiun content of the commercial alo . \vhereas tie excess is oily ahout one percent
alloys t it was believed that the essentiai correlations in the scale as a whole.

with oxide type should be discernible independent of The experimental data are compared and con--i i ttrasted with existing information aiid are qualitatively
reasonable variations of the minor constituents. Cer- interpreted b- use of a tentatively proposed Fe-Cr-O
tain aspects of the results were checked iw ith a series phast diagram aid a special theor, ot alloy oxida-
of special alloys, tion. 3.2.3

Experimental The open end of the quartz tie was waxed to a long

Samples cut to approximately l-irch x Y-inch x water cooled brass tube fitted at its upper end with
3, 2-inch dimensions were polished through 3/0 emery a packing gland and a sliding rod by means of which
papers and vapor degreased. For convenience in han- the samples could be lowered into the hot zone or
dliug in the oxidizing furnace they were suspended withdrawn into the cold zone. The system was
from a Nchrome wire rack by platinum or Nichrome flushed twice by exhausting it to 0.01 mm of mercury
hooks. All oxide from the edges and the vicinity of and filling with dry oxygen. During oxidation the
the supports was excluded from the analysis. pressure was nmaintained slightly above one atmos-

Oxidation in air was carried out in a resistance phere.
furnace through which preheated dry air was passed Sl)ecimens for Debve-Scherrer X-ray diffraction
at the rate of 200 cm per minute. The temperature analysis were made b~y powdering samples of the
was indicated by a thermocouple alongside the sam- total scale or of separable layers obtained by flaking,
pies and was held constant to .± 5O C. Treatments in scraping or controlled abrasion. This method % asoxygen were made in a quartz tube, the sealed end of supplemented by Philips geiger counter spectrometer

- pe atva eld cosatt + °  ramsi capipsorgeigoleda ronte hspermet er \a

-thich ,,as inserted into the top of a ftirnace which and back reflection investigations of the outer and
was regulated to "±3' C by a Micromax controller. inner surfaces of the scales or scale layers. The dif-

fraction patterns were corrected for systematic errors
* Submitted for publication July iS, 1955.

-ZI % • Pi~h.,cx Department. Purdue University. Lafayette. Indinna. caused by film shrinkage, specimen eccentricity and
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2 THE STRUCTURE OF OXIDE SCALES ON CHROMIUM STEELS

8.400 9.4,0 absorption. From these diffraction patterns the oxide
A types present could be established from known inter-

.390 _
'  planar spacing and lattice parameter data, and the

8.400 mole fraction of the phases determined by conipari-
son of the relative line intensities with those ob-

.* 30 .'9 tained from standard mixtures.
- .360 In the case of the Fe.O=-CrO 3 solid solution

.. 0 "." system the lattice parameters given bv Wretblad2

.. 35 - 6.370 were confirmed by new investigations. It was pos-
,.350 - "...sible to determine the compositions to ±5 mole per-

0.3406.360 cent Cr-0.
0 1.0 2.0 Because the spinel type oxides which are prevalent

in the scales could not be completely identified from
Figure t-Lottice parameter of the FeFec .)Cr.O, solid solution existing X-ray diffraction information, an intensive
system measured at room temperature. Full curve, synthetic stoichio- study 3 was made of synthetic Fe-Cr spinel oxide
metric solutions quenched from 1180 C, 1100 C, 950 C; dashed curve,
synthetic oxygen-rich solutions quenched from 950 C. From scale onaly- solutions, FeFec!2X)Cr.O 4 , 0 4 x < 2. This study re-
sis: full circles, coexisting with wustite phases; open circles, without vealed several interesting features regarding the

wustite. cation arrangement in these oxides and the probable

effect on their electrical conductivity and diffusion
coefficients, properties which are important to under-

AM-7 standing the oxidation mechanism. The lattice pa-
rameters found as a function of x are reproduced

AM-3 ,,-X schematically as the curves in Figure 1. The points
.1 - represent results of the present research as detailed
.I below.

SAM- As is evident from this figure, these studies demon-
* strated that the composition (x) of the solid solutions

Z cannot be determined satisfactorily from lattice pa-

* 20o rameter measurements alone. For this reason a com-
o ~ bination scheme of quantitative X-ray diffraction

intensity measurements to give the relative amounts
8 9 of the phases present and colorimetric chemical anal-

ysis for the metals present was developed and applied
to the air oxidation of the steels." This was done in

200k addition to the standard X-ray diffraction analysis.

Te nResults
/0 The essential results of the diffraction analysis and

.o / * '. , the combination diffraction-chemical analysis of the
CA 3- scales formed on the chromium steels listed in Table

- I under a variety of exposures to dry air and one

too2 0d atmosphere pressure of dry oxygen are shown in
_o .X 9250C. 0o. Tables 2 and 3 and Figure 2. Checks were made with
a .other alloys of the 446, 440 and 430 types without

- ' significant var itions.
The numbers given in the first row in each entry

/of Tables 2 and 3 are the mole fractions of the phases
indicated in the second row by letter symbols. The

01/' rhombohedral structure types are indicated by R
0 00 20 30 followed by a number giving the mole percent of

% Cr in alloy Cr2O3 dissolved in aFe2 O3 ; RO is aFeO and R100 is
Cr2OQ. Spinel type oxides are shown by the symbol S

Figure 2-Metal loss of chromium steels and chromium content of 8 preceded by LP or HP accordingly asthe lattice pa-
type scales. Full curves, metal loss; dashed curves, percent chromium
metal in inner layer and in total scale. Small graph, variation with rameter has the relatively low val'te of the Fe-Cr

temperature of sp'nel x in innermost layer. spinels or the high value of MnCrO,. Wfistite type

phases are shown by FeO preceded by L or H corre-
sponding to relatively low or high values of the lattice

TABU 1--Composlton of Alloys' (Welgbt Percent) parameter respectively. Additional phases which

Sample r I NIIG'I. S sometimes occ'r and their approximate mole propor-

AM45.7I 0.051O 0.48 0.44 0.008 O tions are added in parenthesis.AM-3 13.726 0.296 0.0771 0.408 0.23 0.018 '0.02 ..

AM-13 13.32 003 0.072 0.40 o.2 0.018 0.029 Data for alternative but less common scale struc-AM -17 17.45 OW3 0.072 0.46 0.1% 0.018 .19. .

AM.26 26.31 j0.33 0.14 0.68 0.74 0.020 0.013 0.115 tures are enclosed in square brackets. The results

I BaJance Fe. for the different layers of a scale are separated by

-W z .r#,.--



TIlE STRUCTURE OF OXIDE SCALES ON CHROMIUM STEELS 3

dotted lines: They are listed in order with the outer- havior is to be contrasted with the observation that
most layer at the top. repeated oxidations of a sample which is given a

t The additional data obtained for the chemically minimum of polishing between cycles results not
analyzed scales are listed in the order of the lattice only in a decrease in MnCrO 3 due to manganese
parameters of the spinel and wiistite phases, the x depletion but also in an increase in Fe2O asso:iated
value of Fe-Cr spinel, the Cr fraction of metal, and with the depletion of chromium.
the total mg/cm2' of metal in the layer. All lattice
parameters are given in kX units for the reason that rype B Scale
nearly all corresponding values quoted in the litera- Type B scale, which occurs under high rate of
ture are actually in these units even when indicated attack conditions, consists of an oriented layer of
in Angstrom units (1 kX unit = 1.00202 A unit). aFe.0O on the outer surface of one or more layers

It is evident from these data that the scale formed of the spinel type solid solutions, FeFe(2 ,)CrO , ,
on chromium steels oxidized in air or oxygen is of (LPS in Tables 2 and 3). In the case of severe attack
two distinct types, A andl B. the spinel is accompanied by oxides of the FeO

(wiistite) type in the inner layers. Exposure to air
Type A Scale gives relatively more of the lower oxides than does

Type A scale is associated with low ratzs of attack oxygen exposure.
(low temperatures and high chrome alloys) and con- The particular orientation assumed by the Fe2 O

sists primarily of Crz.3 together with an amount of phase is understandable as a growth phenomenon. In
aFe-Oc3 which is somewhat erratic but which in the Fe.O3 structure the oxygen ions lie close packed
general decreases with an increase in the chromium in layers parallel to the (111) plane and these oxygen
content of the alloy and with a decrease in the oxygen layers are interleaved with layers of the metal ions.
partial pressure. Tfhis scale also may contain copious Thus it is not surprising that the crystals should
amounts of -,MnCr2 .O4 (HPS in Tables 2 and 3) when prefer to grow with the (111) plane parallel to the
the steel contains sufficient manganese. Many auxil- surface, for a whole layer of oxygen ions can be laid
iarv experiments involving both diffraction and down, then a layer of metal ions, etc.
chemical analyses have demonstrated that this phase As the temperature of oxidation of a given alloy
has the composition MnCr.-O; very closely and that is increased, or as the chromium content of the alloy
the amount of this phase. when it occurs, is roughly is decreased at a fixed temperature of oxidation, the
proportional to the Mn content of the alloy. It is data show that the scale type changes from A to B
not detectible at Mn levels below abou: 0.3 percent in accordance with the associated increase in attack.
in a 26 percent Cr alloy: its occurrence is favored Over a narrow range of conditions the scale may
by low oxygen pressure. low temperatures, high contain elements of both types of scale. Within this
chromium content of the alloy, and long oxidation range it is apparent that an initial scale of essentially
times, the A type gradually changes to the B type as oxida-

Because of the thinness of A scales, no positive tion proceeds. The B type s,:ale is itself very complex
determination of how the components are distributed and requires more detailed consideration.
in the scale has been possible. There are some indica- The Cr content of the spinel solution (x) in the
tions, however, that both the Fe2 O3 and tle MnCr2O4  innermost laver of the type B scale increases regu-
phases are external to the Cr2O3 phase. At sufficiently larlv with chromium content of the alloy and with
high temperatures and long times of oxidation there tenileraturc of oxidation (see Figure 2); the spinel
is a tendency for the ferric and chromic oxides to existing in layers other than the innermost is essen-
form dilute solid solutions, each in the other. In the tially Fc3O4 (x 0). The FeO type phases, if any,
two cases sl'own for A31I-26 wherein the data are accompanying the spinels are of two kinds. That

leparated by dotted lines rather than dashed lines which occurs with Fe3O4 (LFeO in Tables 2 and 3)
the upper data represent the scale as a whole and is the usual wiistite as found on pure iron, whereas
those below the line, the residue ciinging to the that which coexists with the chromium bearing spinels
metal. These data indicate that -when both Cr-O3  (HFeO) has a higher lattice parameter and may be
and a ferric-chromic oxide solution are present, the assumed to be a modified wiistite containing some
former is in contact with the metal. chromium in solution. The higher parameter must be

Some indication of the effect of minor constituents ascribed to a lower concentration of cation vacancies.
on the formation of A type scale was obtained from This is reasonable in view of the observation made
studies of the scale on a series of special Cr steels, while working with the synthetic spinels that the
in which the content of C, Mn, Si and N decreased equilibrium oxygen pressure of the modified wiistite
in the order of samples S-2, S-3, S-4, S-s (S-2 is is lower than that of ordinary wiistite. In these
AM-26). These samples were oxidized in air for 20 studies a good correlation was observed between
hours at 980 C with the rcsults indicated in Table 4. high x values of the spinels, high lattice parameters
using the same notation as in Tables 2 and 3. of the wiistites and low oxygen pressures.

It is evident not only that the MnCr2O4 phase The spinel lattice parameters found in the analyzed
disappears as the Mn content of the alloy decreases, layers are plotted in Figure 1. It is evident that these
as noted above, but also that a decrease in the minor points confirm the general form of the curves ob-
constituents decreases the Fe2O, relative to the Cr 2O3  tained for the synthetic materials. Those spinels
phase. Which minor component or combination of which occur without wiistite conform to the oxygen-
components is responsib.le is not known. This be- rich curve or lie between it and the stoichiometric

PSIn



S-THE STRUCTURE OFOX1DE SCALES O7C ROMIUMt EELS

curve; those which coexist with wiistite type phases up to x - 2. Thus it is probable that ferrous chromiteItend to lie from 0.003 to 0.005 kX units above the is in contact with the metal, but that with increasingstoichiometric ("metal rich") curve. This latter devia- distance into the scale x decreases rapidly to a value
tion is believed to be due to the presence of man- near that observed by analysis and thereafter has
ganese in solution. It is estimated that less than 3 only a small gradient until the FeO 4 layer is ap-
percent manganese (as metal) would be required and proached, whereupon it falls rapidly to zero. In a
this is just below the limit of detectibility with the very thick scale this latter transition region may
manganese analysis scheme used. form a well defined ("middle") layer.

The composition and lattice parameter obtained Figure 2 shows that in B type scale the chromium
for the spinel phase are mean values for the layer fraction of total metal in the inner layer or layers
analyzed. However, a comparison with the synthetic (corresponding to the FeO layer in the scale on pure
spinels, Figure 1, and consideration of the range of iron) is about 1.8 times its value in the alloy, whereas
uncertainty in the lattice parameter determinations the chromium fraction is essentially zero in the outer
(±0.003 kX) shows that in no case can an appre- layer (corresponding to the Fe.O. + Fe.O, layer on
ciable fraction of the layer be ferrous chromite iron) and exceeds that of the alloy by about 1 per-
(x = 2). Moreover, in the scale layers for which an cent in the scale as a whole.
x between about 1 and 1.5 is found by analysis, the The overall picture of a fully developed B type
range in x for the major portion of the layer cannot scale is indicated schematically in Figure 3; the.exceed about -- 0.2. When a value of x well below 1 obvious efcswihapa nTbe n
is observed the layer could contain two major frac- resulting from the inability to cleanly separate layers
tons having x values near 0 and 1 respectively. In have been omitted. In the case of less drastic attack
several instances of thick scales it was possible to or of higher oxygen pressures than are here visual-
obtain a scraping from the inside of the innermost ized, the wiistite phases would be less prominent or
layer (less than 10 percent of the layer); in these missing.
cases the spinel lines of the diffraction pattern were A comparison of Tables 2 and 3 with attack rate
broader than normal and could include a range of x data given in the literature as a function of alloy

TABE 2--Strcure of U,. Oxide Scales o Chronmium Steels Oxidized in Dry Air

OXIDATION SAMPLE

(Deree l C) I (houre) AM-S .0M-13 AM-17 AM-26

75 20 .40 .60 .... .05 -50 .45 .10 .45 .45 .30 ....
LP R PS Jim RO R100 lips RO R100 HiPS .... RI00

825 20 .30 .70 .... 15 .45 .40 .30 .... .70 .2S .10 .65
LPS RO .... tiP'S HO R100 lips .... RI00 liPS RO R100

- 2~~~~~~.6 .18 .31 ... .. .. .. .. . .. ..

- LPS RO LFeO 43.... .... .... ....
860 20 a-8.376 a-4.28 .... .... .... .... . ....

a 4.31 .... ... .....
x.- .34 6.0% Cr ..... ........ ..

37 mg/cm2 .. .... .... .... ....... ....

.25 .40 35 .05 .40 .0 . 40 .60
LI'S ROl LFcO LPIS RO RI00 .. O RI00 IPS .... R100

.35 .... .65 ... .3o .. 70 "I .LPS .... lFcO .... .... .... ,_ riPS .... Roo
•.30 .40O .30 .40 .60 .... .35, .... .65 .4 ... 60

900 LPS Ro LFeO LPS Rol .... lips .... R100 lips .... RI00

1- 15 - .15 .60 ..50 .50 .... .40 .60 .... RO)

20 LiS RO LFeO LPS RO .... LS RO ... .

.1~0 0.20... .. . n 1 ... .. .. ...o ..... :: ..4 .0.. ..... . ... LPS RO .... .""(. g ~.20 ... .80 .... .... .... . . .. .. "....~~LPS ... FeO .... .... .... ... .. .. :: :: ::
•.40 .60 .. .. 1.0 .. .. 1.0 ... .40 ... .6

AkLIPS ROO .. .. R
°  

.. .. RO .. lips .. R100
(.100 RO)

.30 .60 .10 .30 .70 .... ... 1.0 ....
100 LS LFe0 IIFeO LS RO .... R.... 25 ....

L30 .... .70 .40 .60 0
LPSFeO LPS MO ... ." 1

°  
.00

.25 ... . 0 .... ... .... ....
LPS .... 1iFeO i- .... 11.0

.40 .20 .4 .40 .60 .... .34 .66 .... .40 .... .60
LPS Ro LFeO LI'S Ro .... LS .... lips .... R100

8.3I -4.= a-876 '80 (.10 RO)0.0 0% a-48 X a-0.07 0.3% Cr x --34 18.6% Cr .... .... ....
3mg/cm 2 11 mg/cm' 3.4 m nx/m2l ... . .... ....

.26 .05 .69 .9 .21 ... . 11 0" ..
LPS RO IIF-0 LPS RO .... E RO R100 4

a -8.373 a-4.29 a-8375 . .... ........ ...

43 gr/cm' 16 mg/m .... .... .. .. ....

Total: 66 m/cm' Total: 27 m/m' .... ....
6.1% c, 14.7% C .... 14.. : %.

(Note: Table 2 Continued on Following Page.)

!7 - ,
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Figure 3-Schematic of fully developed 5 type scale. Figure 4-Oxides present and scale type on chronsim steels after

TABU 2 (C..tlosedj-Strcwe of the Oxide Scales on Chronsium Stanks Oxidized in Dty Air

OXIDATION ISAMPLE

Tota l:83m/m .... .... .. ..

_ _ _ _ _ _~ ~ : 8 3 S 6 3 % C . . . . ... ._ _ _ _ _ _ _ _ _ _

47' mz{Ocm ....O .... ..... L'S R .... .... ... IC

36 mc...$. ... 4.... .... ... ..... ..

Tota: S mcm _ ___ T .t ...gcm ::
63 ... 147Cr :.

.201 .:0
5 - -.... ........

...29 .. .5 .....
.0m/m... .... ... ....

I _ _ _ _ __.... ...... 2 7 .... ...._ _ _ _ _

.5 .40 .25 AO .0 2, 7.4... 6

1000__ .7% .6r .. .4 l..S ... 0 R...

2. IIIPS-Spi...nel0
!881s7341W ..

kX 10 0X uni it l..6%2 unt)
Addiiona phases 66eanspesn n hirapolnt molepoorins .... ...niprntei. Z7entv cl srcue r ncoe nsur

- - -ac--kets.I Img =
Data~~~~~ ~~~ for. d14rn aesaelstdi re ihteotems ae tte p

F or ~.3 certai sc l s w i h w e e6a6e c e i a l , a d i i n l i fo m t o s li t d i h ol o i g od%: L t i e p ra e e s i c X o p n l an e h s s
z ~ ~ ~ ' ...u. ofH~f~)rO pn r fratoomtainteayriwehtpcntmg m'fmtlinheae.

x .82.%C .. ....

-- - -- -~ - - - ___k
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composition and time and temperature of oxida- Rickett and Vood' found the sca!e on chromium
-X tionL5. 6-G '. indicates that there is a very pronounced steels occurs in layers which decreased in number

correlation between the transition from A to B scales as the Cr content of the alloy increased. The outer
and an attack rate of approximately 10 mg/cm- of layers were made up of (Fe,Cr):O and the inner of
metal loss per day. This relationship is illustrated in (Fe,Cr)3 01. But without further specification of the
Figure 4 for the 10 to 20 hour oxidations in air. The composition of these p-hases and how they depend
data for one atmosphere pressure
of oxygen are similar with more TAKE 3
aFe2O and less wustite present. 5ftudum of Oxde Scaes on Ctalom Steeb Oxidizedn One Atmespbore of Dry Oxypm
Such comparisons clearly show
that presence of Cr2O3 is the essen-
tial element of a satisfactory scale. ,m c) (loum) AM-5 I AM-I3 AM-17 AM-26
XX\hen a B type scale is formed the 700 1 o- .o .90 .... W. 50 -35 .65
attack is much heavier: it is, in - LN MO .O RICO .... O RICO ... O RI

fact, excessive since the maximum V i W0 .- ... . . .55 .20 .20 .-0
I LPS MO* ... R1 .... MO RICO IIPS RO RICOacceptable rate it, ordinary prac- "" . 1o. O . ..

tice is essentially the same as the 2o ...10-. HO RO RO 1100 .... RO RIo
critical value observed for the A W S 70 .30 .. .30. o M .1o

L R.to B transition. .. - MO RICO'. O RICO :IPS MO RICO
to....ransition.. .. . . .. 4i .. . .... ... .... ... .... .... .... .... ....,LPS RO I'. to . ... .... ... . .... ....

Discussion _ A M .0 .30 Z M - Z .30 .35 .65
LPS RO R!O. LPS RO RICOiLI's RO RICO'. RO I1O

Several of the results summar- .o .o .... [ 20 .60 .0 .15 .60 , i.13 .30 .5LA O * LPS ... O .6 0 .0 i.15 .6 0 iP .15 .3 0 0

ized in Tables 2 and 3 and Figure L' iO LI MO 11 I O R100 Ili HO RICO
2 already are contained in the lit- 0 .. "o. . . ....
e ra tu re .T h e g e n e ra l c o rre la tio n o f -L PS R o I I 'S 1(0' .... .I'S M O .. RIC II ' M O .( 0

a decreasing attack rate with an OO I S . 70 .30.... 1o .. to 1.13 I.I R0anSRO ... P RO* R100 LPSROS0|lPROao

increase in the chromium content c - .30 . .i... )
of the alloy is well known.!-- 7 -  

1.1'S RO LFcO' . . . . . . . . . . . . . I.....I.........
Much of the additional information 40.....40 .6 ....

________ ______ _lFtO..... ... .. .... _____j:.. . .which is available is in the form of _ _ _....

isolated facts which, without the I .... . 1.0 1..0 ..j .
interpretation now possible from .40 .60 . 40 A -30 I . 0 .40 7 1Y

.... jLl RO R1o00 .... HO R25 .IPS RO R75the more systematic invebligations, 10oo I - -'S- ... , (.Io-R'o
often appear to be inconsistent or .O "'""7i I

even contradictory. .... ....- - : I .. .... .5 ..The confusion arises primarily LS .... lI'rO....

from a lack o. 0 appreciation of tho . .V .... W .30 . 4 . 60LI'S RO* .... LPS HO' .. I LPS RO IiS .... RICO
fact that two distinct types of .0 -. .t
scales occur. This fact was clearly LPS iIFEG 10 0..Ii  .0

50) R -25 .. .
noted by Scheil and Kiwita in the "• .... ...... ! .... .... ....i . . . . o II' (
case of Al-Cr-Fe alloys and it was 100 ..
implicit in their results for the .... .. ... . .. .. i a _ .... R _ 0
Cr-Fe alloys but was perhaps too .40 .60 .0
little emphasized. Although Scheil H S L" .... I I'S O RIOO LPS 1O 1I ....... Ioo
and Schulz" correcti; described - M .... .60 . 4 .0 40 .6"LPS ROl .... f LPI __ O* .1 2%. RO

e  
.. lips .... R100

the principal components of A type 1000 I IR
scale as CrO, or Cr:O 3 + Fe.O. I 10 LS RO LFeO LPS RO .... LIS RO ..
they incompletely represented B _ 0j 0 ... .. ... i
scale as FeO on their charts. This LPS HO n___oi .... .... ...._______177_ ___________
interpretation was not explicitly 1 . .... .05 .

-r- .... lips 125 1100
corrected by Scheil and Kiwit who r .0 -'
gave chemical analyses of inner M1...10.. 0 1 " o0 ... . .
and outer layers of B scale similar I............ . ....
to those shown in Figure 2. With . .. ,I I o ..... .... ......
the more nearly complete separa- i ...:: ::: ::::tion of inner and outer lavers ub- 1160! 5 .65 = -- 4".1.... .. ... '.... ...... 2.. RO R l ttp 61.0 R 51
tained, a more regular variation of R , R20.... R... I: "5
chromium in the inner layer was Note: xumabein the first row are the mole fractions of the phases indicated in the second ow. as follow.:
found in the present work than 1. Rn-Rhombohedral phase: n mole pec t of Cr.Os in aFe='Os solid solution. R3-Fe-Os:
was found bv the above authors. RO-aFexO3 oriented with (Ill) plane parallel to surface. RIO-Cr2Os.

2. 11PS-Spnel phase. MnCr:O; lattice parameter between 8.435 and 8.420 kX. LIS-Spinel phae.
Practically no chromium was FeFe(a..)Cr.04; lattice parameter between 8.3s7 and 8.373 kX.
found in the outer layer (i.e., the 3. LFeO-Cubic structure of FeO (wustite) with lattice parameter between 4.27 and 4.=, kX.r. , tHFeO-Ditto with parameter between 4.310 and 4.290 kX. (I kX unit - 1.00207A unit).layer corresponding to Fe.O5 and Additional pr ometiresent and thrir aplrosimate mole proportions are gitien in pIttheis.F n iAt-ative scale structures wre enclod in square brackts.Fe3Q 4 layers on pure iron). Data for different layers am listed in order with the outermost layer at the top.
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upon oxidation conditions these results do not give a In nearly all cases of true A scale formation the
description which is amenable to further comparison, scale was easily removed after cooling. In this event

McCullough, Fontana and Beck s have observed a temper color film was observed on the metal, and
the onset of a rapid increase in the oxidation rate of for the longer oxidations this was accompanied by a
chromium (and nickel-chromium) steels after an layer having a white or frosty appearance. Electron
initial low rate and have ascribed this change to a micrographs of the exposed surface by replica and
transition from a protective ferrous chromite scale by transmission through stripped films showed that

to a less protective hematite scale. This interpreta- the latter material had a rough surface and was
tion is not supported by their chemical analyses nearly opaque to 50 kv electrons (=10 "f cm thick).

Swhich give a Cr to le rati:, varying between four It was located external to a thin film which was

and nine in the initial scale, then decreasing to less shown by electron diffraction to consist of oxides of
than units-. Thus the initial scale must have con- iron and chromium.
tained a large fraction of CrO.. The analyses are X-ray diffraction revealed no diffraction except for
consistent with a change from an initial A type to a two diffuse halos and those very weak patterns which
B type scale in accordance with similar transitions could be ascribed to the thin film. Thus the massive
shown in Tables 2 and 3 (e.g., for AM-17 at 900 C). material was amorphous. No successful chemical

Moreau gives a brief description of a B type scale analysis of this material has been possible but micro-
which, although similar from an overall point of analyses 12 of the removed scale have shown several
view, differs from the authors* findings in so.veral percent of silicon. It is tentatively assumed therefore
important respects. A significant thickness of an that the material is an amorphous silica or a silicate.
FeCr:O, + FeO inner layer rather than a thin transi- A more detailed description of these layers occurring
tion layer is postulated. The spinel x value is treated under A type scales and of the evidence which
as remaining at 2 over this innermost layer, then strongly suggests that they exist at temperature,
falling rapidly to zero. Thus no dependence of x on rather than that they form during cooling, will be
the composition of the alloy is admitted. No possibility published elsewhere.
is provided for the existcnce of FeO in either the
innennost layer or in the middle laver. Since no specific Oxidation Mechanisms
indication is given of the exposure conditions for Equilibrium Diagrams
each alloy it is not made obvious that this description
could apply only to the most extreme attack; no From these experiments it is now possible to give
mention is made of the profound changes which occur a rather detailed description of the composition and
under less severe conditions. disposition of the various oxide phases occurring in

The latter limitation applies to a lesser degree to the scale as a function of alloy composition, of time
the very complete micrographic examination of B and temperature of oxidation, and of oxygen pres-
type scales given by Fortevin, Pr&tet and Jolivet'0 sure. One is in position, therefore, to propose tenta-
since they imply in their conclusions that for higher tive oxidation mechanisms for test by further experi-
chrome alloys the scale character changes. It is clear ments. Essential for this purpose is a knowledge of
that the separation of "A" and "B" layers observed the basic properties of the oxide phases. Since some
by them corresponds to the authors' division into information is available concerning the other per-
inner and outer layers. Their A, component next to tinent oxides, investigations are being made of the
the metal is interpreted as the thin transition layer structure and electrical conductivity of the Fe-Cr
from x = 2 to the analyzed value, A: as the region of spinlels.
nearly constant x and A, as the transition region to One of the most useful pieces of information would
x= . be a complete knowledge of the Fe-Cr-O phase dia-

Cohen and Caplan" give a complete description gram: some facts concerning these equilibria have

of an A type scale formed in several hundred hours been :.,cu.nulated in studies of the formation and of
on an alloy similar to AM-26. The interpretation is the oxidatibn and reduction of the Fe-Cr spinels.2

. complicated by the occurrence of a dulex structure. The simplest form of phase diagram which is in
presumably caused by blistering. Although it is not agreement vith the observations is represented
completely evident from the publication, private com- schematical'y by the full lines in Figure 5 for low
munication has established that the phases present temperaturs where the metals are completely mis-

Swere the same as those obtained by the authors, in- cible. The single phase homogeneity ranges have been
cluding MnCr:O,. with the addition of a crystobalite. exaggerated for clarity. "Phases" will :, er here to
The crystalline silica probably is related to an amor- solid phases. The single phase solutions of the spinels
phous film which was observed beneath the scale in and of the ferric-chromic oxides are well established.
the authors" much shorter oxidations. The two phase regions connecting the spinels to the

TMN 4- let of Moor Consthounts of the Alloy on the Structure of A Type Scae

26 11 Cr 27.S Cr 26.01 Cr 25.47 Cr
C n si c C !In si ln si N C Mn: fi x
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TIIE STRUCTURE -OF OXIDE SCALES ON CHROMIUM STEELS

ferric-chromic solutions and to the modified wfistites c.
were observed in working with the synthetic spinels.
It was observed qualitatively that the corresponding
equilibrium oxygen pressures decrease rapidly as the
chromium content of the phases increases. It is as-
sumed that this trend continues from composition d
to pure Cr0 3 .

It is to be emphasized that the arrangement shown,
particularly with regard to the region a, b, c, d, e, is
tentative. No necessity for the assumption of a
pseudo-binary between oxygen-rich Cr and Fe has
been visualized.-- " Even so, other arrangements
are possible. At an alloy composition such as e, a
three phase region c, d, e, might be interposed be-
tween a pseudo-binary, Cr-Cr:O3, and a two phase
region extending from alloys a-e to a small range -

near FeCrO, (Case 2).
In view of the discussion below, a more attractive

variation of this last arrangement would be obtained F, , 0

if point e were near point a, leaving the diagram as ft.A
drawn except for a narrow pseudo-binary between
a and c, as indicated by the pair of dashed lines Fre S--5Scwewti Fe-0-O coma tio- d.mw
(Case 3). At higher temperatures the miscibility gap
of the alloys can be taken into account in Case 1 and alloy. Dunn 5 has treated the problem taking into
Case 3 by dividing the upper two phase region into account some of the effects of differential diffusion
two by a three phase region based on the a + 8 within a binary alloy and the oxides formed on it.
alloy range f-g and terminating near d, as indicated The more quantitative treatment of Wagner " is more
by the dotted lines. The two other possibilities for fruitful, however, for the present considerations.
which this region would terminate at b or c would Under the simplifying assumptions of ideal solu-

cpredict the wrong type of scale on alloys near f, tion behavior of the binary alloy, no mutual solubility
according to the considerations to follow, of the oxides and approximate equilibrium at the

Case 1 requires a fixed composition for FeCrO metal-oxide interface, Wagner has investigated the
whereas 2 and 3 require a range of homogeneity. The conditions under which a single oxide of one metal
spinel lattice parameter measurements' indicate a or the other, or mixtures of the two oxides, will be
very small range but cannot eliminate the possi- formed. The assumptions made are not completely
bility of a fixed composition (not necessarily the fulfilled in the present instance, but the qualitative
stoichiometric one). features of the theory are informative.

Equilibrium diagrams have been used to interpret Equilibrium of either component of the alloy with
the oxides formed on binary alloys. Scheil and KiwitO its corresponding oxide of dissociation pressure .,
and Scheil'3 have considered that the oxide which relative to the pure metal, requires that N=p =
will be formed at the metal is the one having the where N is the mole fraction at the interface of that
largest heat of formation. They treated the single component. p is the equilibrium oxygen pressure at
phase regions as having fixed compositions, thus the the interface and m is a positive number (4/3 for
ranges of composition necessary for the formation of Cr-Cr O3 and 2 for Fe-FeO). Since Nr. = 1-Nc,
scale layers in which diffusion can occur were not for a large Nc the equilibrium pressure for Cr would
included. Rhines" has taken this into account and be less than that for Fe and only Cr=O would be
has applied these ideas with ,insiderable success to formed; for a large Nr. the reverse is true and only
the external and internal oxidation (subscale) of wiistite would be stable.
copper alloys. In particular he shows that it is not
necessarily the most stable oxide which forms on the At some ical nd th eqilisrium essures

w~stitCwould become equal and both oxides could exist (inmetal (e.g., according to Figure 5, modified wfistite he absence of oxide solubilities and compound for-
would form on an alloy of Cr content less than com- mation). Because (Cr5 O2 ) is several orders of mag-
position a, although Cr2O is more stable in the usual nitude lower than -(FeO)" : the critical composition
sense). would be at a very low mole fraction of Cr. The

existence of ranges of composition of the oxides as
Wagner Theory envisaged in Figure 5 modifies this picture somewhat.

Considerations based on equilibrium diagrams can If the dissociation pressure of the chromic oxides
form only a starting point for interpretation since increases on going toward d and that of the modified
they tell only what phases should be present at equi- wistites decreases toward b, as assumed, the critical
librium and for known compositions. The actual mole fraction of Cr would be increased to some value

situation is a dynamic one and the amount of the represented by a.
components present in a layer depends in a very com- This mechanism then provides for type A and B
plex way on reaction rates at interfaces and on dif- scales. If the concentration of chromium is above
fusion rates within the various layers and within the point a, essentially pure CrO or A type scale would

__- - . -_ _
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be formed, whereas if it is below only modified corresponds to the stoichiometric composition. The
wiistite should be present. In either of these situa- high diffusion through the wfistite would compensate,
tions, however, it is clear that surface depletion of however, for this decrease. Even in this case there
the oxidizing component would occur, tending to might be some transport of chromium through the
bring the surface c)ncentration to a. At this con- spinel phase by displacement reactions since local
centration either modified wiistite and approximate equilibrium with the wfistite might not exist, in view
Cr-0 3 of composition d would form (Case 1), giving of the fact that as the scale thickens the effective
the essentials of a B type scale when they react to oxygen pressure at any point decreases and spinels
the spinel and excess wfistite, or FeCr:O, would of higher x become stable.
form directly (Case 3). It follows from the limited Outward from the point at which x becomes zero
rate of diffusion of chromium in the alloy that if an the processes of s-ale formation are similar to those
A type scale is to be formed the bulk concentration which occur in the scaling of pure iron, resulting inmust be considerabl larger than a. Similarly, if only the formation of Fe3 O, and Fe:O: outer layers.

,| wiistite is to be fornmed. the bulk concentration must
be considerably smaller than a (actually very near Moreau's Mechanism
pure Fe). For alloys between these compositions a B
type scale will be produced. This mechanism is in strong contrast with that

Applicatio, of the Wagner concepts and use of proposed by Moreau.I Since he postulates an ap-
the phase diagram leads to the conclusion that under preciably thick layer of stoichiometric Fer 2 O4 ia
conditions appropriate to B scale formation either which diffusion cannot occur and further assumes
wiistite and Cr:O, or FeCr2 O, should form at the that the accompanying FeO cannot diffuse trivalent
interface. But such considerations alone cannot tell ions, he is brought to the conclusion that all chro-
how much of the metal components will be oxidized mium is reacted at the interface with oxygen which
nor how they will be distributed through the scale. diffuses inward through the layer. Thus the FeCrIO,

components grow at the inside boundary of the layerIn Figure 2 it is shown that for B scale the overall and dissolve in the Fe O, layer at the outside bound-
composition is the same as that of the alloy except a- to form spinels with x less than 2. Extension of the
for about I percent excess of chromium. This is latter reasoning ltads the authors to believe that an ap-
understandable when it is realized that the total pireciable thicknts of FeCr:_O, would not form. initially
thickness of metal which is oxidized in an ordinary and that the gradient in x would begin at the metal-I observational period is large compared with the depth oxide interface as observations indicate.
irom which an appreciable amount of Cr can diffuse. it iewe knonethati ns Fedicions

Thusin scle frmaionthemeta coponnts It is well known that wiistite contains Fel ions
Thus in Bt scale formation the metal components associated with the large metal deficiency which al-
must enter the scale in nearly the alloy proportion, ways exists. The vacancy concentration may be as
with a slight excess of chromium %xhich comes from hih as 10 percent of the cation sites'"' and more
setting up the chromium gradient. Since with any hhas 0 percent of the cation be t rivand morepractical alloy there will always be more than enough tharn 20 prcent of the cations may be trivalent. There
iron present, all CrOl (Case 1) should be reacted is no objection, therefore, to the assumption that Cra"
to spinel at the interface or immediately adjacent to can disolve in and diffuse through the "modified"t.o s ul d not b interfac or smediatele exacet wstite phase when it is present. As already has beenpossibly as a subscale layer on and within the metal. pointed out, there is good evidence that the modifiedp l a wistites have lower concentrations of cation va-

The proportions of the metals in the scale at any cancies than does ordinary wiistite and would, there-
point will not in general be the same as in the alloy fore, be expected to have smaller diffusion coeffi-
since their rate of transport through the oxide is not cients. This may be the primary reason that the B
the same. Not only do possible differences of diffusion type scale, although less protective than A scale, is
coefficient come into play but a whole series of dis- more protective than the scale on pure iron.
placement reactions is active within the spinel layer In the alternate case that no wistite phase is ob-
as well as interface reactions at the boundaries of the served, which situation is not compatible with the
layers. Chromium can displace iron from any of the hypothesis of Moreau, the spinels are cation deficient
spinels. Since the equilibrium pressure for high and can certainly diffuse both iron and chromium
chrome spinels is lower than for low chrome spinels, ions. Furthermore, if the rate of loss of chromium
under the conditions of an oxygen pressure gradient were determined by the rate of inward diffusion of

a tendency always will exist for the high chrome oxygen. it would seem difficult to account for the
sp:nels to segregate at the inside of the inner scale near identity of the chromium to iron proportions in

scale and alloy for a wide range of conditions as
obtained (Figure 3). shown in Tables 2 and 3 and Figure 2. This difficulty

If the rate of decrease of x is sufficiently large is particularly great if consideration is given to the
compared with the rise in oxygen pressure corre- great disparity in the diffusion rates of oxygen and
sponding to increasing distances from the metal-
oxide interface, the spinels will come to their metal-
rich state and be accompanied by the corresponding MehI and Birchenall.
modified wiistite. It might be thought that this condi-
tion would lead to a reduction in attack rate since the Growth Lawgradient of cation vacancies in the spinels would then Under the assumption that the scale follows the

be small or essentially zero if the metal rich state parabolic growth law and that the interdiffusion co-
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efficient in the alloy is independent of concentration, increases. This probably accounts for the correspond-
the Wagner theory shows that the critical bulk con- ing dec'ease in attack rate. It also is noted that the

A .centration of chromium which would differentiate A amount of Fe:O, for a given alloy and temperature
from B scale is an increasing function of the ratio of of oxidation tends to increase with time. On the same
the parabolic rate constant, K, to the interdiffusion basis as above, the associated decrease in protective
coefficient in the alloy, D. quality may account for the deviation from the

It is known that the scale on chromium steels does parabolic law and the eventual conversion to a B
not grow according to the parabolic law v: = Kt, type scale, as discussed previously.
but in a manner7 .* more nearlv yO = K't where n is Other possible sources of deviation from the
less than 2. In terms of the parabolic law, K increases parabolic law may be associated with tht presence
with time of oxidation, and therefore the critical bulk of the thin film-like layer at the metal-scale interface
concentration increases with time. Conversely then, which was described above, or with the presence of
the A type scale which may be formed initially on a MnCrO, in the scale. No positive indications of the
given alloy must eventually change to the B type. beneficial or detrimental effects of this phase have
S-everal instances of this change with time are evi- been ob:zerved.
dent in Tables 2 and 3. Of course, if the chromium
content of the alloy is sufficiently high (e.g.. 26 per- ie-hmniOr of Manganese
cent) the change may not be observed within the The behavior of Mn in A type scale might be
usual period of measurement. treated to a rough approximation by considering Fe

Another feature of the theory is that of two alloys to act as an inert solvent for the Mn and C:r. The
which oxidize to give Cr.O . the one of lower chro- mole fraction of each solute is nearly independent
mium concentration should have a lower rate of of changes in the other and the effective oxygen
metal loss. A lower Ncr requires a higher equilibrium pressure at the metal-oxide interface is determined
oxygen pressure, p. at the interface and this iin turn essentially by the X corresponding to equilibrium
entails a smaller concentration gradient of cation with the Cr:.
vacancies in the oxide lattice which results in a lower For simultaneous formation of the oxides at the
transport of chromium. The obvious deviation from same equilibrium pressure a critical chromium
this prediction of the idealized theory is probably concentration will be required such that Nc, =
associated with another equally obvious deviation: =(Cr:O-),=(MnO) °' (NXx) 31 . neglecting solubilities
namely, the presence of Fe:O: in A type scale. An of the oxides. Since the ratio of dissociation pressures
analogous situation in the oxidation of .i-Cu alloys is large, the NO, will be much larger than the exist-
has been considered by Wagner and the explanation ing XN.. Three cases are to be distinguished. If Ncr
of the present case is probably similar, at the interface is larger than the critical value, the

It is true that under the conditions assumed for equilibrium pressure will be too low for the forma-
the production of A type scale no oxide should be tion of MnO and no manganese should occur in the
formed except pseudo Cr=O. (in the case of a pure scale except to the limit of its solubility in Cr:O: (or
binary alloy). but Fe can oxidize in the initial stage lonssibly in the metastable iron oxides present).
before a protective layer is formed and subsequently When N is equal to N%. both oxides should form.
at any local failure of the scale due to cracking or T1.- fact that no %InO but only .MnCr:O. is observed
spalling. Non-equilibriunm conditions might also be must mean that conditions for reaction to the latter
expected during a- transitions in the alloy. Further- compound are reached at a position very near the
more, the balanze between A and P scale formation is interface or. in view of the effect of oxide solubilities
rather delicate and any local fluctuation in Ner may and the unknown Mn-Cr-O phase diagnram. direct
permit fornmation of iron oxides. Fluctuations of this formation should perhaps le considered instead of
nature might lie present as initial inhomogeneities in MnO. In either instance the excess Cr:O-. would
the alloy or they would be produced during oxidation effectively act as a sink for Mn and the amount of
h any inclusion such as a carbide which would the latter in the scale would be controlled by its rate
locally suppress diffusion of chromium to the alloy of diffusion in the metal.
surface. The third case comes about when Net becomes

Whatever the cause of the formation of Fe:03 in considerably less than the critical value. either due to
ihe scale, it is clear that the distrilbztion of this phase a low bulk value or to the increased surface depletion
must be rather heterogeneous. Otherwise ferric- associated with an increased attack rate. The pressure
chromic oxide solid solutions would be observed at the interface is then above that required for oxida-
rather than separate phases. since intimate mixtures tion and MnO (or MnCr:O. can be expected to
of these oxides will sinter completely to the solution (occur as a subscale. This is probably the reason for
in 10 to -0 hours at 950 C. Actually, significant the disappearance of the .MnCr:O. from the A scale
amounts of solution are observed only at consider- on the lower chrome alloys in oxygen.
ably higher temperatures or longer times. Unfortunately. a satisfactory quantitative check of

Formation of iron oxide inclusions with the Cr O, these speculations cannot he made because of un-
will. of course, iiceease the rate of attack since these certainty in the value of =(MnOl. From the data
oxides are less protective. Tables 2 and 3 show that availahlc.1- : 0 the ratio of dissociation pressures may
the amount of the Fe:O, phase present in A type be calculated in the temperature range of M00 to 1000
scale decreases as the chromium content of the alloy C as approximately 3 X 10: or 10'. These values



correspond to an Nc, for 0.5 percent NNI,, of about tional Research Council of Canada, for the privilege
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